Single photons are an important prerequisite for a broad spectrum of quantum optical applications. We experimentally demonstrate a heralded single-photon source based on spontaneous parametric down-conversion in collinear bulk optics, and fiber-coupled bolometric transition-edge sensors. Without correcting for background, losses, or detection inefficiencies, we measure an overall heralding efficiency of 83 %. By violating a Bell inequality, we confirm the single-photon character and high-quality entanglement of our heralded single photons which, in combination with the high heralding efficiency, are a necessary ingredient for advanced quantum communication protocols such as one-sided deviceindependent quantum key distribution. *Partial contribution of NIST, an agency of the U.S. government, not subject to copyright Fig. 1 . Heralded single-photon source based on correlated photon pairs. Such sources are a prerequisite to a multitude of quantum optical experiments. In an ideal single-photon source, a photon detected in the heralding arm indicates a partner photon in the signal arm.
In an ideal single-photon source, a photon detected in the heralding arm indicates a partner photon in the signal arm.
Introduction
The controlled and deterministic generation of single-photon states and correlated pairs remains a challenge particularly crucial to a wide variety of emerging optical quantum technologies including metrology [1, 2, 3] , quantum communication [5, 6, 7] and optical quantum computing [8, 9] , to name just a few. Although they are not inherently deterministic, highly efficient heralded single-photon sources are relevant to this problem. By combining such a heralded source with a photon memory that can store and release photons in a controlled way [10, 11] or by multiplexing several heralded sources and using feed-forward and fast switching to select a channel that contains a single photon [12, 13] , it is possible to construct an on-demand single-(and by extension, multi-) photon source. Such a source could be an important ingredient for post-selection-free multi-photon one-way quantum computation [14] . Even without these extensions, a highly efficient heralded photon source would be valuable. For example, the intrinsically secure one-sided device-independent quantum key distribution protocol requires sources of entangled photons with heralding efficiencies (including detection) of at least 66 % [15], which have not yet been demonstrated [16] . In addition, such high coupling efficiency marks an important step toward a loophole-free Bell test as it is relevant not only to the fair-sampling loophole but also to the freedom-of-choice loophole [17, 18] . Furthermore, any source that heralds the arrival of a known photon number and energy is also useful for coincidence-based detector calibration [1, 2, 3, 4] , which promises to overcome the precision limitations of power and attenuation measurements that presently dominate the calibration process for single-photon detectors.
An ideal heralded photon source should provide a heralding signal that indicates the presence of exactly one photon, preferably in a fiber. Over the past decades, spontaneous parametric down-conversion (SPDC) has proven to be a robust, well-understood, and reliable method for generating time-correlated photon pairs that may be split into two spatial modes. SPDC is a promising candidate for high-quality heralded single-photon sources where the detection of a photon in one mode (the heralding or idler mode) indicates a photon in the other (signal mode). Moreover, producing polarization entanglement based on SPDC has been demonstrated with high quality and flexibility, which suggests that such heralding sources are readily extendible to the quantum applications listed above [19, 20, 21] . Although fiber coupling demands additional precision in the construction of the source, it substantially improves versatility; furthermore the mode selection achieved by the fiber can enhance the heralding efficiency.
In practice, no source is truly ideal and any source may be subject to a "missing-photon error," such that a heralding signal is issued but no photon is present in the signal mode. This may result from background in the heralding signal or photon loss in the source or signal mode, for instance from imperfect optical elements or fiber coupling. Note that to "directly observe" a given heralding efficiency value, that is, to measure it without correction for detector inefficiencies, it is necessary to utilize a detector which itself is at least as efficient as this value.
Due to missing-photon errors and the low efficiency of the industry-standard silicon avalanche photodiodes (APDs), the highest reported directly observed heralding values (without correction for detector inefficiencies) have until recently been in the range between 30 % and 50 % for wavelengths between 600 nm and 850 nm [22, 23, 24] . However, the recent advent of superconducting bolometric detectors suggests the impending reality of near-unity heralding efficiency, and, utilizing this technology, total heralding efficiencies of up to 62 % have already been observed [16] . Here, we combine the nearly-perfect detection efficiency offered by transition-edge sensors (TES) [25] with the ultra-high coupling efficiency of our fiber-coupled photon pair source based on SPDC in a bulk crystal; we achieve a source in which up to 83 % heralding efficiency has been observed. In addition, when using polarization-entangled photon pairs we record the only slightly reduced heralding value of 80 %. (Note that the efficiencies reported here have been measured directly, without correction for dark counts, accidental counts, inefficient detection, or known optical losses.) To our knowledge, these values are the highest directly observed heralding efficiencies. We analyze the origin of the remaining losses in our system; this analysis confirms the nearly-perfect efficiency of the TES detectors and indicates that it may be feasible to observe heralding values close to 100 % with the presented technology based on bulk-crystal down-conversion and TES detectors.
Experiment
Our source of (entangled) photon pairs (see Fig.2 ) is based on SPDC in a periodically poled potassium titanyl phosphate (ppKTP) crystal with a poling period of around 10 µm for the type-II quasi-phase-matched creation of photon pairs at 810 nm with a 405 nm pump diode laser -the design is described in detail in [20, 21] . The crystal can be pumped bi-directionally in a Sagnac-type configuration to produce polarization entanglement. Pumping the crystal in only one direction creates a polarization product state. The emitted photon pairs are split, with each photon entering one of two (separate) single mode (SM) fibers. Any photon detected in the heralding arm announces (heralds) the presence of a photon in the signal arm. To reach a high heralding efficiency it is crucial to detect in the heralding arm only photons from the SPDC process, while simultaneously minimizing losses in the signal arm. This is achieved in our setup by a number of steps. Tight spectral filtering of the heralding arm, accomplished with a cut-off filter to block pump photons (longpass filter with cutoff around 650 nm) and a 1 nm bandpass filter centered at the down-converted wavelength, ensures that only photons directly emitted by the SPDC process (intrinsic bandwidth ≈ 0.5 nm FWHM) are coupled to the heralding arm. The inevitable loss introduced by this spectral filtering does not reduce the heralding efficiency, which depends on the transmission in the signal arm. The signal arm is filtered only with a cut-off filter (as used in the heralding arm) to suppress the pump light, which introduced a loss of around 2 % for 810 nm. In addition, we optimize the focusing parameters and spatial shaping of the pump beam and heralding arm to maximize the heralding efficiency [21, 26] . By coupling to a standard single-mode fiber (HP780) in the heralding arm, but to a standard telecom fiber (SMF-28) -which carries two TEM modes of 810 nm light -in the signal arm, the heralding efficiency can be further increased. The fiber tips were anti-reflection (AR) coated for 810 nm to minimize reflection losses in the fiber coupling. Photon detection is accomplished in our experiment with transition-edge sensors (TES), which in recent years have attracted considerable attention as highly efficient single-photon counters [25, 27] . For detecting photons in the visible and near-infrared regime, a 25 µm square of tungsten thin film, cooled to well within the superconducting state and voltage-biased to well within the superconducting transition, serves as both absorber and thermometer in this bolometric-style detector [28] . Any photon absorbed by the tungsten will heat it and manifest an increase in resistance, which in turn yields a proportional current drop though the voltagebiased device on the order of 50 nA. Then the heat dissipates through a weak thermal link to the base temperature, and the detector returns to its original resistance. Although the TES film itself has a thickness of only 20 nm, embedding the TES in a wavelength-specific optical cavity yields detectors with peak efficiencies of at least 95 % for the selected wavelength [25, 29] . Note that this value includes losses in coupling from an AR-coated SMF-28 fiber to the TES chip, which is accomplished by a packaging process detailed in [29] .
The TES is operated in series with an input coil that is inductively coupled to a superconducting quantum interference device (SQUID) for readout [30] . The signal spike from an incident photon enters the SQUID as a changing flux and may be read out as a voltage. In the relevant bandwidth of our electrical measurements (up to 1 MHz) the SQUID's input-referred current noise is less than 25 % of that of the TES output current, so the TES itself dominates the noise of the system. Photons were distilled from the analog electrical output signal according to the following procedure. Individual photon spikes were identified and converted to TTL pulses using a leading-edge discriminator. We set the threshold of this discriminator to a value that registered a reasonable count rate of 810 nm photons but also minimized the dark count rate when the source was blocked. Although TES detectors have no intrinsic dark counts, and only a real energy signal will create a current pulse, a non-zero background level may be registered by the presence of background light in the experimental setup [31] . Even thermal blackbody radiation or infrared photons may be seen by a TES optimized for use in the visible regime, and if the threshold level is set too close to zero, such a thresholding counting method may lead to increased background counts.
To avoid re-triggering and thereby mistakenly counting a non-existent second photon in the noise of the recovering edge of the first, we implemented a "deadtime" by using TTL pulses sufficiently long to "re-arm" the discriminator only after the signal's recovery. Thereafter we counted coincidences using an analog logic module that registered a coincidence for each overlap of greater than 3 ns between the TTL pulses of the two channels. Thus the effective coincidence window is defined as the sum of the TTL pulse lengths for the two channels, which in Fig. 3 . Photon signals and processed data from transition-edge sensor single-photon detectors. (a) A typical signal from a detector with four photons and different possible thresholds indicated. The top threshold detects only three of the four photons, the middle threshold counts five (one from the wiggle in the recovering edge) and the bottom threshold detects the correct four photons. (b) A "pulse height distribution," indicating how clearly it is possible to separate the photon signals from the noise by thresholding. (c) Coincidence count rates vs. delay between the two channels. The actual data is plotted in blue with a Gaussian fit in red. Asymmetry is attributed to uneven detector jitter. our case was 1.05 µs: 1 µs for the heralding arm and 0.05 µs for the signal arm. Each coincidence was represented by yet another TTL pulse from the logic module, and all three TTL channels were counted with a standard counter connected to a PC, which allowed us to monitor the heralding efficiency in real time.
As an alternative to analog discriminators and logic modules, we also digitized and recorded data for post-processing using a data acquisition board. Post-processing facilitates more complicated counting algorithms and finer control over the coincidence window. These algorithms also enable the recovery of photons lost by the analog counting method. More information on post-processing will be detailed in a subsequent paper [32]; more information on the correction of so-called "accidental coincidences" may be found in the appendix.
Results
We tuned the pump power to a level that produced a photon rate suitable for the detectors and pumped the source in only one direction (creating a polarization product state). With the source in this condition, we measured the singles and coincidences for 100 seconds with our analog electronics and digitized 40 seconds of data for post-processing. The results are summarized in Table 1 . Tabulated experimental results from both the analog electronics counting method and the post-processing for 100 seconds and 40 seconds of data respectively. The lower efficiency in the second arm is a consequence of the higher loss caused by the limited transmission efficiency of the narrow bandpass filter as well as a high rate of background photons in the signal arm not rejected by the cut-off filters. The post-processing method can recover counts not registered by the analog method. The one standard deviation errors are determined by Poissonian counting statistics and error propagation.
When determining the heralding efficiency as the ratio of the measured coincidence and single count rates, it is necessary to account for a systematic error known as "accidental coincidences." An accidental coincidence occurs each time two photons that did not originate from the same pair are detected within a coincidence window and are thus counted as a coincidence. If left uncorrected, this effect would lead to an over-estimation of the actual heralding efficiency. Using the formulas explained in the appendix, we find a systematic error for the heralding efficiency of 1.0 ± 0.1 % which leads to a corrected heralding efficiency of 82.0 ± 0.3 %. Post-processing, which allows us to choose our coincidence window and includes accidental correction by a method similar to that described in the appendix, yields the heralding value of 81.9% ± 0.2 % for the same coincidence window of 1.05 µs, which agrees very well with the directly observed data. We also measured a combined jitter of approximately 155 ns FWHM for the two detectors, which determines an upper limit on the timing precision with which we herald our photons. Note that this could be further improved, without affecting the heralding efficiency, by replacing the heralding detector with a low-jitter detector.
The system detection efficiency of the TES is expected to be close to unity [25] . In our experiment, the following losses contribute to the reduction of the heralding efficiency from 100 %. The estimated total optical losses in the source sum to around 6 % [21]. Additionally, there are losses due to fiber coupling; using standard silicon APDs to compare the heralding ratios between large core diameter fibers (multimode, 50 µm) and the SMF-28 fiber used in the experiment, we concluded that the loss introduced by the fiber coupling is around 10 %. Combining these estimations with the measured and accidental-corrected heralding efficiency of 82 %, we find that the system efficiency of the TES (including fiber splices, interface between fiber and detector, and quantum efficiency of the absorptive area of the TES) is with high certainty above 95% [25] . This represents the first verification of the transition-edge sensor's near-unity detection efficiency using a method based on the quantum nature of light and thus differing from the standard approaches based on power measurements and calibrated attenuation.
Entanglement is a necessary ingredient in the system if one wants to prepare heralded single photons in a remotely chosen basis or utilize the high heralding efficiency for one-sided deviceindependent QKD [16] . To generate entanglement in our source, we pumped it in both directions to produce a nearly maximally-entangled state [21] . In this state, the directly-measured heralding efficiency decreased to 79.7% ± 0.2 %. We believe the reduction is mainly a consequence of imperfect overlap between the two pump directions when the source is pumped bi-directionally. To verify a high degree of entanglement we tested a CHSH inequality [33] . For the necessary polarization measurements we inserted plate polarizers with an additional loss of around 15 % and measured the polarization correlations for all necessary setting combinations for the CHSH inequality, integrating for 10 s per setting. This resulted in a Bell parameter of S = 2.51 ± 0.01 which is more than 50 standard deviations above the classical bound of 2 and shows a high fidelity of the entangled state. Note that the presence of entanglement confirms the single-photon nature of our source.
Conclusion and Outlook
In conclusion, using TES detectors we demonstrated a heralded single-photon source with an unprecedented high efficiency in bulk optics, achieving a single-photon heralding efficiency of 83 % with no correction for background, detection efficiency or other losses. Moreover, it was possible to produce heralded entangled photons, useful for one-sided device-independent QKD, with only minimal decrease in efficiency.
To compensate for the systematic accidental coincidences which would otherwise lead to an overestimation of heralding efficiency, we developed an extended accidental correction model. This takes into account the very high coupling efficiencies, which are typically assumed to be small to justify neglecting several terms in the expression quantifying the expected accidentals.
Moreover, we would like to point out that our source facilitated the use of heralded single photons to infer a system detection efficiency of over 95 % for a TES detector. It is important to note that for a detector-calibration method such as this, which is based on correlated photons, the accuracy of the measurement improves with the heralding ratio.
Finally, we note that while very promising fiber-based realizations of heralded single-photon sources have already been demonstrated [23], our results indicate that with further optimization of losses and focusing conditions, it should be possible to reach near-unity heralding efficiencies in a bulk-optics configuration.
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